-The purpose of the study was to quantify the influence of selected motor unit properties and patterns of activity on amplitude cancellation in the simulated surface electromyogram (EMG). The study involved computer simulations of a motor unit population with physiologically defined recruitment and rate coding characteristics that activated muscle fibers whose potentials were recorded on the skin over the muscle. Amplitude cancellation was quantified as the percent difference in signal amplitude when motor unit potentials were summed before and after rectification. The simulations involved varying the level of activation for the motor unit population, the recording configuration, the upper limit of motor unit recruitment, peak discharge rates, the amount of motor unit synchronization, muscle fiber length, the thickness of the subcutaneous tissue, and the motor unit properties that change with advancing age. The results confirmed a previous experimental report (Day SJ and Hulliger M, J Neurophysiol 86: 2144 -2158) that amplitude cancellation in the surface EMG can reach 62% at maximal activation. A decrease in the range of amplitudes of the motor unit potentials, as can occur during fatiguing contractions, increased amplitude cancellation up to ϳ85%. Differences in the amount of amplitude cancellation were observed across all simulated conditions, and resulted in substantial changes in the absolute magnitude of the EMG signal. The most profound factors influencing amplitude cancellation were the number of active motor units and the duration of the action potentials. The effects of amplitude cancellation were minimal (Ͻ5%) when the EMG amplitude was normalized to maximal values, with the exception of variations in peak discharge rate and recruitment range, which resulted in differences up to 17% in the normalized EMG signal across conditions. These results indicate the amount of amplitude cancellation that can occur in various experimental conditions and its influence on absolute and relative measures of EMG amplitude. computer simulations; peak discharge rate; fatigue; motor unit; normalization THE SURFACE ELECTROMYOGRAM (EMG) is the algebraic sum of trains of action potentials generated by active motor units as detected by electrodes placed on the skin over a muscle. Because the surface EMG is influenced by the number of motor units that are active and the rates at which the motor neurons discharge action potentials, the EMG signal has been widely used to quantify motor unit activity and to estimate output from the spinal cord. However, the surface EMG underestimates the amount of motor unit activity due to the loss of information that occurs when overlapping positive and negative phases of motor unit potentials cancel one another and reduce the amplitude of the signal (5).
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Many techniques are limited by amplitude cancellation in the EMG, including the decomposition of an interference EMG signal into its constituent motor unit potentials (24) , the estimation of changes in central conduction from the amplitude of motor evoked potentials (52) , and spike-triggered averaging of the interference EMG (19) . Furthermore, amplitude cancellation likely confounds interpretation of changes in the surface EMG, such as assessing correlated activity in surface EMG signals from pairs of muscles (27, 35) and explaining the failure of EMG amplitude to reach maximal levels at the endurance limit during a submaximal fatiguing contraction (23) .
Although problems and limitations due to amplitude cancellation have been recognized for several decades (1, 44, 49) , only one previous experimental study quantified amplitude cancellation in the interference EMG (5) . Groups of motor units were stimulated in a cat hindlimb muscle, and amplitude cancellation was quantified by computing the difference between EMG amplitude derived from rectified and unrectified trains of motor unit potentials. At maximal levels of imposed excitation, amplitude cancellation reduced EMG amplitude by 50%. Due to the simultaneous activation of many motor units, however, Day and Hulliger (5) suggested that the actual amount of amplitude cancellation might be greater during a voluntary contraction. Furthermore, to generalize the results of the experimental study it is necessary to determine the sensitivity of amplitude cancellation to variation in the relevant physiological parameters.
Computational models have proven useful in characterizing the sensitivity of the surface EMG to the parameters of the systems involved in its generation and detection (4, 15, 16) , and the application of these models has been suggested as a strategy for understanding amplitude cancellation (55) . The purpose of the study was to quantify the influence of selected motor unit properties and patterns of activity on amplitude cancellation in the simulated surface EMG. The expectation was that increases in the amount of overlap between action potentials, such as occurs with conditions that increase the numbers and durations of motor unit potentials, would enhance amplitude cancellation and confound the use of the surface EMG as a population index of motor unit activity. Some of these data were presented in abstract form (34) .
METHODS
The study involved computer simulations that were based on models previously described in detail by Fuglevand and colleagues (21, 22) , with the addition of a model of surface EMG that incorpo-rated muscle fibers with a finite length and a volume conductor with layers of skin, subcutaneous, and muscle (15) . These models represent the activation of a motor neuron pool from minimal to maximal levels of excitation, and they produce motor unit potentials and a surfacedetected EMG consistent with the known physiological properties of first dorsal interosseus muscle. The simulations involved three main steps: 1) determination of the recruitment and discharge times of a population of 120 motor neurons in response to different levels of excitation; 2) simulation of motor unit potentials from estimates of the number and location of muscle fibers for each motor unit and the conduction velocities of the muscle fiber action potentials; and 3) simulation of the surface EMG by summing the trains of motor unit potentials. Amplitude cancellation was quantified as the percent change in signal amplitude when motor unit potentials were summed before and after rectification (5) . The amplitude of the surface EMG and percent amplitude cancellation were compared across conditions that simulated different properties and patterns of activity of the motor neuron pool, as well as different recording configurations (Table 1) .
Surface EMG Simulation
The model was implemented in Matlab version 6.5 (The Mathworks, Natick, MA). The basic parameters in the model were similar to those published previously (56, 57) . The distributions of properties across the motor unit pool were based on the Size Principle (29) , and these included recruitment thresholds, innervation number, motor unit territory, and the conduction velocity of muscle fiber action potentials. Activation of the motor unit pool was modeled as a ramp-and-hold function, with a 1-s ramp increase in excitation to a mean level that was constant for 4 s. Input was uniformly distributed across the motor neuron pool and all neurons received the same level of excitation, thereby allowing simulated motor neuron input-output functions to be specified by well-established relations between discharge rate and injected current (28) . Maximal excitation was denoted as the level of input necessary to bring the last recruited motor neuron to its assigned peak discharge rate and values of excitation were expressed as a percent of the calculated maximum. The distribution of recruitment thresholds for the motor neurons was determined from an exponential function with many low-threshold neurons and progressively fewer high-threshold neurons (12) . Each motor unit began discharging at 8 pulses per second (pps) once excitation exceeded the assigned recruitment threshold of the unit, and discharge rates increased linearly with increased excitation (3 pps per 10% increase in excitation). As described by Fuglevand et al. (21) , the first recruited unit (MU 1) had a maximal discharge rate of 35 pps, whereas peak discharge rate decreased linearly with increasing recruitment threshold, with the last recruited unit (MU 120) assigned a peak discharge rate of 25 pps. The discharge rate was modeled as a random process with a Gaussian distribution, varying the coefficient of variation for discharge rate from 10 to 40%.
Motor unit territories. The simulated muscle had a circular crosssection with a radius of 8.67 mm, derived from physiological crosssectional areas calculated by Keen et al. (33) . The number of muscle fibers was 66,000, based on an average fiber diameter of 56 m (8), a muscle radius of 8.67 mm, and an assumption that the noncontractile tissue accounted for 20% of the cross-sectional area. These values are similar to those used originally by Fuglevand et al. (21) (71,747 muscle fibers and a muscle radius of 7.5 mm). The number of fibers Fig. 1 . Schematic of the model used to generate surface-recorded electromyogram (EMG) signals. A: cross-section of the volume conductor model. Three tissue layers (skin, subcutaneous, and muscle) were simulated with the recording system positioned directly over the center of the muscle. Four of the 120 motor unit territories are shown, with each filled circle indicating an individual muscle fiber of a given motor unit. Innervation number increased exponentially from MU 1 to MU 120. B: lateral view of a motor unit with 4 fibers. Innervation zone was set at 40% of the length of the muscle, and the recording system was positioned halfway between the innervation zone and the distal tendon. Insertion of each fiber into the tendons varied randomly over a range of 5 mm. ). An exponential increase in motor unit territories reflected the skewed distribution of motor unit forces, with more motor units that exert small forces (42) and the high correlation between innervation number and tetanic force of a motor unit (32) . The fibers of a motor unit were scattered over a broad region of the muscle cross-section and intermingled with fibers belonging to many other units. Motor unit territories were randomly distributed within the muscle and were circular, except when constrained by the muscle boundary (e.g., MU 120 in Fig. 1 ). The density of fibers within the territory of the motor unit was assumed to be ϳ20 fibers/mm 2 but was increased when a portion of the motor unit territory was constrained by the muscle boundary. The result was little change in fiber density for small motor units, but a greater fiber density for the largest motor units, consistent with experimental findings (32) .
Generation of motor unit potentials. The surface EMG model simulated action potentials generated by muscle fibers with a finite length and detected by surface electrodes with physical dimensions. The volume conductor was an anisotropic and nonhomogeneous medium representing the muscle, subcutaneous (1.5 mm thick), and skin (1 mm thick) tissues. Each tissue layer was homogeneous and the conductivities of the tissue layers were the same as in Farina and Merletti (15) : muscle was anisotropic and more conductive in the longitudinal fiber direction, whereas the subcutaneous and skin tissues were isotropic. The analytic description of the intracellular action potential in the spatial domain was based on Rosenfalck (51) and did not include the negative afterpotential. There was no electrical interaction between the activities of adjacent muscle fibers. The surfacerecorded motor unit potential was determined as the sum of the contributions generated by the muscle fibers assigned to the motor unit. The conduction velocities of muscle fiber action potentials belonging to a motor unit were related to motor unit size, with values increasing exponentially from 2.5 m/s for MU 1 to 5.5 m/s for MU 120.
Simulation Conditions
Selected conditions were simulated to determine the influence of specific physiological and signal-detection parameters on EMG amplitude and amplitude cancellation. The model parameter values are shown in Table 1 ; the condition marked with asterisks is referred to as the default condition. Although the default parameters characterized the first dorsal interosseus muscle, the parameters of fiber length, subcutaneous tissue thickness, peak discharge rate, and recruitment range were varied to investigate the effect of changes within this muscle and across other muscles. For each condition, 11 levels of excitatory drive to the motor unit population were simulated: 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 , and 100% maximal excitation. The EMG was sampled at a rate of 4,096 samples/s.
Recording configuration. The simulated signals in the default condition were detected by using a bipolar configuration with an interelectrode distance of 10 mm and circular electrodes (4 mm diameter). The center of the recording configuration was halfway between the innervation zone and the distal tendon. The simulated bipolar recordings were compared with a belly-tendon configuration in which one electrode was placed over the belly of the muscle and the other near the metacarpophalangeal joint (53, 63) . The belly-tendon configuration had one recording electrode halfway along the muscle and the other electrode was 32.4 mm away, past the distal tendon region.
Activation pattern. Most motor units in first dorsal interosseus are recruited at forces Ͻ50% maximal voluntary contraction (MVC) force (42) . In other muscles, such as biceps brachii, recruitment has been observed at forces up to 85% MVC (7, 38) . It has been suggested that variation in recruitment range may contribute to the different EMGforce relations observed experimentally (3, 21) . The possibility that amplitude cancellation might vary with recruitment range was examined by simulating narrow and broad recruitment ranges. The upper limit of recruitment was 41% of maximal excitation for the narrow range and 68% of maximal excitation for the broad range.
As excitation to the motor neuron pool increases, the discharge rates of motor neurons increase up to a level where little further change in discharge rate is observed. Peak discharge rates vary across muscles (2, 59) and are sometimes greater for low-threshold motor units (6, 30) , whereas others reported that high-threshold motor units reach greater discharge rates (25, 43) . The influence of an increase in peak discharge rate on amplitude cancellation was examined by increasing peak discharge rates from the default condition (35-25 pps Fig. 2 . Demonstration of amplitude cancellation. A, top: 2 motor unit potentials were summed together and then rectified to determine an average EMG value. Bottom: rectified EMG signal at 50% excitation formed by summing motor unit potentials and rectifying the interference EMG. B, top: 2 motor unit potentials were rectified and then summed (not applicable to experimental EMG), ensuring that amplitude cancellation did not occur. Bottom: rectified EMG signal at 50% excitation was formed using the same motor unit potentials and discharge patterns as in A, but the potentials were summed after being rectified. au, Arbitrary units.
for MU 1 and MU 120, respectively) to 55-45 pps. In addition, a condition where high-threshold motor units achieved greater peak rates was simulated (25-35 pps), as well as a condition where the peak discharge rate was the same (30 pps) for the entire motor unit pool.
The increase in EMG amplitude that occurs when motor units discharge action potentials at about the same time, a condition known as motor unit synchronization, might be caused by a reduction in amplitude cancellation (37, 61) . To assess this possibility, motor unit synchronization was examined by adjusting the timing of selected action potentials to impose a temporal association with action potentials discharged by different motor neurons (61) . A function was applied that selected between 20 and 30% of the action potentials discharged by each motor unit to be synchronized with approximately eight other motor units with similar recruitment thresholds. Motor unit synchronization was quantified with the common input strength (CIS) index as the frequency of extra synchronous discharges (48) . This function fixed CIS values near a value of two across the motor unit pool at all levels of excitation. To determine the level of motor unit synchronization across the motor unit pool, CIS values were calculated for every motor unit with the 15 preceding units and the 15 succeeding motor units.
Fiber length and subcutaneous tissue thickness. Fiber length and average location of the innervation zone in the first dorsal interosseus were determined experimentally using a linear electrode array consisting of 16-pin electrodes with 2.5 mm distance between electrodes. The bipolar recordings were amplified, band-pass filtered (10 -500 Hz), digitized at 2,048 samples/s, and the resultant 15 channels were displayed on a computer monitor. The innervation zone was marked by visual inspection as the location where motor unit potentials began propagating in two directions. The tendon ending was denoted as the location where the propagation of the motor unit potential ceased (40) . The Local Ethics Committee of the Health Department of Region Piemonte in Italy approved the measurements. On the basis of measurements from five men, average fiber length in the default condition was set at 40 mm and the center of the innervation zone was located 40% along the length of the fibers distal to the proximal attachment. Insertion of each fiber into the tendons varied randomly (uniform distribution) over a range of 5 mm, resulting in fiber lengths of 35-45 mm.
The properties of the tissues separating the muscle fibers and the recording electrodes are known to influence surface recordings (14, 50) . An increase in subcutaneous tissue thickness attenuates the amplitude of the EMG signal and changes the frequency content of the signal (18, 50) . To determine the default value for subcutaneous tissue thickness in the model, ultrasound recordings (FFsonic UF-4000L, Fukuda Denshi) were taken from the first dorsal interosseus of 12 individuals (11 men, age range: 22-59 yr), under approval of the Local Ethics Committee, with the probe (7.5 MHz transducer) positioned between the innervation zone and distal tendon. Thickness values ranged from 1.3 to 2.4 mm. On the basis of these recordings, the thickness of the subcutaneous tissue was set at 1.5 mm in the default condition.
Surface recordings of muscle-fiber action potentials are influenced by the propagation of the intracellular action potential along the fiber and its extinction at the end of the fiber. The end-of-fiber components influence the shape and the power spectrum of surface detected potentials (16) . The relative influence of end-of-fiber components with respect to the propagating signal components depends on fiber length, thickness of the subcutaneous layers, and depth of the fiber (17) . To evaluate the effect of surface-potential shape on amplitude cancellation, fiber lengths of 20 mm and 100 mm and subcutaneous tissue thickness of 1.0 and 3.5 mm were simulated and compared with the default condition (Table 1) .
Motor unit properties. To examine the combined influence of motor unit properties on amplitude cancellation, simulations included factors that are known to change with advancing age: a reduction in the number of motor units and of the innervated muscle fibers, increased density of motor unit fibers and increased motor unit territory, increased area of the innervation zone, increased variability of the diameter of muscle fibers within a motor unit, and decreased diameter of large muscle fibers (11, 31, 36, 39, 46, 58) . Table 1 summarizes the values that were used to simulate advancing age.
Data Analysis
The dependent variables of this study were the amplitude of the simulated EMG and the percent amplitude cancellation as a function of excitation level. Average values for the rectified EMG (average EMG) were determined over the interval from 1 to 5 s at each level of excitation. Amplitude cancellation involves the loss of signal when unrectified action potentials are summed together and there is an overlap of positive and negative phases of the potentials. Cancellation does not occur when individual action potentials are rectified before summation (Fig. 2) . Percent loss in amplitude due to cancellation was quantified at each excitation level by computing the difference between EMG amplitude derived from rectified (No Cancellation) and unrectified (Cancellation) trains of motor unit potentials, expressed relative to the EMG amplitude in the No-Cancellation condition (5) .
For each condition, 20 libraries of 120 motor unit potentials were simulated. Motor units were randomly assigned a position within the muscle in each library. EMG amplitude and percent amplitude cancellation were calculated as the mean of 20 libraries. The purpose for including 20 random motor unit locations was to assess the influence of location on EMG amplitude and percent amplitude cancellation. The simulations were insensitive to this parameter, however, and the standard deviations in percent amplitude cancellation were generally 2% across excitation levels. Therefore, only mean values are reported in the text.
The activation pattern was identical for all simulations with the exception of simulations for motor unit synchronization, recruitment range, peak discharge rate, and reduced motor unit number. Therefore, only the characteristics of the motor unit potentials changed between conditions. Four parameters describing the motor unit potential were calculated for each condition: peak-to-peak amplitude, area, duration, and normalized duration [area divided by amplitude (47)]. Correlation coefficients were calculated to determine the relation between these parameters of the motor unit potentials and the percent amplitude cancellation at 10, 50, and 100% excitation. Each parameter was calculated as the mean value for all 120 motor units across the 20 random motor unit locations.
RESULTS
Selected parameters of the default model were independently adjusted to examine their influence on amplitude cancellation. Additionally, the combined effect of age-associated changes in motor unit properties on amplitude cancellation was examined by adjusting several parameters concurrently.
Quantification of Amplitude Cancellation in the Surface EMG
The difference between average EMGs computed from the sum of the rectified potentials (No Cancellation) and unrectified potentials (Cancellation) at each excitation level indicated that the amount of amplitude cancellation was substantial (Fig.  3A) . In the default model, percent amplitude cancellation increased up to 61.7% at 100% maximal excitation. The values across all excitation levels for the default model are reported in Table 2 .
Due to the many factors that influence the amplitude of the EMG signal, it is common to normalize EMG to the amplitude of the EMG at maximal levels of excitation. The relation between excitation and EMG amplitude for the No-Cancellation condition was linear (r 2 ϭ 0.99, Fig. 3, A and B) . However, the increase in EMG amplitude with increasing excitation for the Cancellation condition (Fig. 3, A and B) 
The convexity in normalized EMG values at intermediate levels of excitation may be caused by the recruitment of progressively larger motor units and therefore motor unit potentials with greater amplitudes. The possibility that the range of potential amplitudes influenced the amount of cancellation was examined by simulating a condition where each action potential had the same amplitude. Specifically, the potential for MU 1, MU 60, or MU 120 in the default condition was assigned to all 120 motor units. Identical motor unit potentials resulted in the same nonlinear relation depicted in Fig. 3 . However, the percent amplitude cancellation increased up to 88% for MU 1, 85% for MU 60, and 80% for MU 120 at maximal levels of excitation (Table 2 ). Thus decreased variability in the range of amplitudes of the motor unit potentials increased amplitude cancellation, but it did not contribute to the nonlinear relation between excitation and EMG amplitude.
Amplitude Estimation and Recording Configuration
The EMG signal is often recorded using either the bipolar or belly-tendon recording configuration, and amplitude is commonly estimated by calculating either the average EMG or the root mean square (RMS) value. The RMS values were larger (Fig. 4A) and amplitude cancellation was less (Fig. 4B) for the RMS estimates compared with average EMG, regardless of the recording configuration that was simulated. However, when the absolute EMG values were normalized to the value at maximal excitation, the largest difference between the normalized values was Ͻ5% at 40% excitation (Fig. 4C) .
Activation of the Motor Neuron Pool
The influence of discharge rate variability on amplitude cancellation was examined by varying the coefficient of variation for discharge rate from 10 to 40%. The percent amplitude cancellation, averaged across excitation levels, was 49.8, 49.7, 49.7, and 49.5% when the coefficient of variation for discharge rate was 10, 20, 30, and 40%, respectively. Due to the minor change in percent cancellation with discharge rate variability, only one activation pattern (coefficient of variation ϭ 20%) was used across those conditions that did not involve a direct examination of activation pattern.
The influence of recruitment range was investigated by simulating narrow and broad upper limits of motor unit recruitment. A broad recruitment range decreased normalized EMG values (Fig. 5A ) and increased amplitude cancellation (Fig. 5C ) at intermediate levels of excitation, with the largest difference (16%) in normalized values occurring near the point where motor unit recruitment was complete for the narrow recruitment range (41% maximal excitation). The influence of peak discharge rate was examined by varying the peak rate based on the recruitment threshold of the motor unit (Fig. 5, B and D) . In contrast to the decrease in normalized values at intermediate levels of excitation with a broad recruitment range, normalized EMG values were 17% greater than the default condition when high-threshold motor units achieved higher discharge rates, with the largest difference occurring at 30% maximal excitation (Fig. 5B) .
The influence of motor unit synchronization on amplitude cancellation was examined by imposing a high level of synchrony across the motor unit pool (CIS ϭ 2). The result was a slight reduction in percent amplitude cancellation due to a small increase in average EMG in the Cancellation condition (9% averaged across excitation levels), with no change in average EMG in the No-Cancellation condition (Table 2) . Because these findings contrasted with those reported previously (61), the influence of variability in the timing of action potentials was examined. A representative motor unit potential was generated with 100 muscle fibers located 3 mm deep in the muscle, beneath a layer of skin (1 mm) and subcutaneous tissue (1.5 mm). Each fiber was assigned a conduction velocity of 4 m/s, and there was no variability in the location of the innervation zone or the end of the fibers. Three identical motor unit potentials were summed together, with no variability in the activation times (Fig. 6A) . The amplitude of the sum was three times greater than the contributing potentials (perfect synchrony). However, when activation times of these same units were varied (MU 2 activated 1.7 ms after MU 1 and MU 3 activated 1.7 ms before MU 1), the average rectified amplitude decreased by 39.1% (Fig. 6B) . When the three units were activated concurrently, but with variability in muscle fiber conduction velocities (conduction velocity for MU 1 ϭ 4 m/s, MU 2 ϭ 3.75 m/s, and MU 3 ϭ 4.25 m/s), the arrival times of Fig. 4 . Variation in EMG amplitude and percent amplitude cancellation due to the methods used to estimate the amplitude and record the signals. A: average EMG and root mean square (RMS) values were calculated for simulated bipolar and belly-tendon recordings. RMS amplitude and belly-tendon recordings both had greater amplitudes than the default condition (calculated as the average EMG from the bipolar recordings). B: percent amplitude cancellation was less when computed using RMS values and was greater for the simulated belly-tendon recordings compared with the bipolar recordings. C: when absolute EMG values were normalized to the value at maximal excitation, largest difference between the normalized values was Ͻ5% at intermediate levels of excitation.
the potentials at the recording electrodes varied, and the average rectified amplitude was reduced by 49.1% (Fig. 6C) . When the three units were activated concurrently, but with variability in the location of the innervation zone (innervation zone location for MU 1 ϭ 40% along the length of the muscle, MU 2 ϭ 5 mm distal to MU 1, and MU 3 ϭ 5 mm proximal to MU 1), the average rectified amplitude was reduced by 23.5% (Fig.  6D) . Because synchronized motor units have variable activation times, conduction velocities, and locations of the innervation zone, motor unit synchronization did not result in perfect summation of motor unit potentials and large increases in EMG amplitude.
Influence of Selected Parameters on Amplitude Cancellation
Compared with the default condition, longer muscle fibers and thicker subcutaneous tissue decreased average EMG at maximal excitation by 10 and 42%, respectively (Fig. 7A) . Amplitude cancellation was 10 -15% greater for the longer fibers compared with shorter fibers, and thicker subcutaneous tissue caused only modest increases (Յ5%) in percent amplitude cancellation (Fig. 7B) . The substantial increase in amplitude cancellation with increased fiber length appears to be attributable to corresponding increases in motor unit potential duration (results presented below). Normalized values showed the same relation depicted in Fig. 4C , with the greatest difference being 3% at 30% excitation.
Those parameters associated with advancing age that had the largest influence on percent amplitude cancellation included the number of motor units and mean conduction velocity. Simulated old motor units (Table 2 ) and simulated decreases in the number of motor units from 120 to 60 decreased average EMG at maximal excitation by 34 and 13%, respectively. In contrast, a reduction in mean conduction velocity, which would accompany a decrease in fiber diameter, resulted in a 19% increase in EMG amplitude at maximal excitation (Fig. 8A) . A reduction in the number of motor units decreased the amount of amplitude cancellation at maximal excitation from 61.7% in the default condition to 51.7% (Fig. 8B, Table 2 ). Because the simulated decrease in motor unit number involved reducing the number of muscle fibers from 66,000 to 46,200 fibers, simulations were performed in which motor unit number and muscle fiber number were varied independently. The results indicated that the reduction in cancellation was largely due to the decrease in motor unit number. In contrast, a reduction in mean conduction velocity resulted in greater amplitude cancellation (Fig. 8B, Table 2 ). Also, increased variability in muscle fiber conduction velocities within a motor unit resulted in normalized EMG values and percent amplitude cancellation varied with recruitment range. Default condition involved motor unit recruitment up to 41% of maximal excitation (narrow recruitment), whereas the upper limit of recruitment was 68% of maximal excitation for the broad range. Although cancellation for both conditions was greatest at maximal excitation, the largest difference in cancellation between the 2 conditions occurred near the point where motor unit recruitment was complete for the narrow recruitment range (41% maximal excitation). B and D: increased peak discharge rate for the high-threshold motor units resulted in an increase in normalized EMG values at intermediate excitation levels. Default condition involved peak discharge rates of 35-25 pulses per second (pps) for MU 1 and MU 120, respectively. Conditions were simulated that increased discharge rates (55-45 pps), increased preferentially the discharge rates of the high-threshold motor units (25-35 pps) , and assigned the same discharge rate to all motor units (30 pps). Normalized EMG values were 17% greater than the default condition when high-threshold motor units achieved higher discharge rates than the low-threshold motor units, with the largest difference occurring at 30% maximal excitation. greater amplitude cancellation ( Table 2 ). The combined influence of age-associated changes in motor unit properties resulted in a net decrease in amplitude cancellation at low excitation levels (Fig. 8B, Table 2 ). Normalized values showed the same relation depicted in Fig. 4C , with the greatest difference being 4% at 50% excitation. Figure 9 depicts the relations between different parameters of the motor unit potentials and the amount of cancellation that occurred at 50% maximal excitation in the 13 conditions when the activation pattern remained constant. Each data point denotes the mean value (amplitude, duration, or area) for all active motor units. The greatest correlations occurred for the duration measurements: potential duration explained 70% and normalized duration accounted for 79% of the variability in percent amplitude cancellation. Increased duration of the motor unit potentials resulted in greater overlap between the action potentials of different motor units and, therefore, greater cancellation. The influence of potential amplitude was weaker (r 2 ϭ 0.52) and caused small changes in average EMG in the Cancellation condition relative to the No-Cancellation condition. Because the calculation of percent amplitude cancellation was normalized to the values of average EMG in the No-Cancellation condition, increases in average EMG for the NoCancellation condition, but not the Cancellation condition, decreased the percent amplitude cancellation.
DISCUSSION
This study identified the parameters of the surface EMG model that influenced amplitude cancellation and quantified the contribution of these parameters to the loss of signal information. Similar to a previous report (5), the results indicated that the surface EMG underestimated motor unit activity due to the loss of up to 62% of the amplitude of the signal when overlapping positive and negative phases of motor unit potentials cancelled one another. Also, changes in specific parameters of the model resulted in variation in the amount of amplitude cancellation, further confounding the interpretation of the surface EMG. The main characteristic of the motor unit potentials influencing amplitude cancellation was the duration of the potentials (Fig. 9) . In addition, the relation between the average EMG and excitation was nonlinear such that the amplitude of the EMG increased at a gradually diminishing rate with an increase in excitation. This effect caused the normalized EMG values to overestimate motor unit activity by up to 13% at intermediate levels of excitation. However, when normalized values were compared across conditions, the difference was generally Ͻ5%, only increasing up to 17% at intermediate levels of excitation with variation in recruitment range and peak discharge rate. These findings have significant implications for the interpretation of experimental EMG data.
Identifying Neural Strategies from the Surface EMG
As a population index of motor unit activity, the surface EMG is used to examine neural strategies in a variety of conditions. For example, the surface EMG is used to compare the capabilities of young and old individuals and to evaluate adaptations in the same muscle before and after various interventions. In addition to the many factors known to influence EMG amplitude (16) , however, the results of this study indicate that amplitude cancellation imposes a significant impediment to the identification of neural strategies from absolute surface EMG values.
The absolute amplitude of the surface EMG is commonly used in studies that compare young and old adults to determine whether differences exist in the ability of the nervous system to activate muscle (33, 45) . For example, the finding of similar increases in maximal EMG amplitude in young and old adults after a training program has been interpreted as an increase in the neural drive to the trained muscles in both young and old adults (26) . Such an interpretation is problematic because cancellation causes EMG amplitude to change due to factors that are independent of variation in neural drive, and EMG amplitude may be relatively insensitive to increases in motor unit activity at high excitation levels. For example, one would expect that an increase in the number of active motor units and muscle fibers would be accompanied by a large increase in the amplitude of the surface EMG. However, when the number of motor units was increased from 60 to 120 and the corresponding number of muscle fibers increased from 46,200 to 66,000, there was only a 15% increase in the amplitude of the EMG at maximal levels of excitation (Fig. 8A) . The small increase in EMG amplitude with a doubling in motor unit number and a 43% increase in fiber number was due to an increase in amplitude cancellation (Fig. 8B) . The results of this study demonstrate that amplitude cancellation confounds the interpretation of changes in absolute EMG amplitudes and limits the usefulness of measures that rely on absolute EMG values such as neuromuscular efficiency (9, 45) .
Many factors influence EMG amplitude during muscle fatigue and confound its use as a measure of neural drive to muscle (10) . It has been reported previously that although EMG amplitude increases during submaximal fatiguing contractions, the amplitude of the EMG is significantly less than maximum at the endurance limit for most subjects (23) . It was proposed that the reduced EMG amplitude was due to a deficit in the ability to activate the muscle maximally, but two additional factors that enhance amplitude cancellation during a fatiguing contraction could also contribute to this observation. First, there is a decrease in muscle fiber conduction velocity that results in an increase in the duration of motor unit potentials during sustained contractions (54), leading to greater overlap between potentials (20) and an increase in amplitude cancellation (Figs. 8B and 9) . However, the increase in potential duration can also augment EMG amplitude as the area of each motor unit potential increases (Fig. 8A) . Second, sustained activation preferentially decreases the amplitude and area of the largest motor unit potentials (13) , resulting in a more narrow range of amplitudes for the motor unit potentials. The current study demonstrated that a reduction in the range of potential amplitudes causes large increases in amplitude cancellation (Table 2) . Hence, changes in the duration and range of amplitudes for the motor unit potentials can contribute to the inability of EMG amplitude to reach maximal levels after a fatiguing contraction, independent of any deficit in the capacity to activate the muscle.
Normalized EMG Values
It is common practice to normalize EMG values to the amplitude of the EMG at maximal levels of excitation so that Fig. 8 . Influence of age-associated changes in motor unit properties on EMG amplitude and percent amplitude cancellation (see Table 2 for data). A: loss of motor units (120 to 60) decreased average EMG, whereas a reduction in mean conduction velocity (4 to 3 m/s) increased average EMG. Simulated old motor units (Table 1 ) decreased average EMG. B: percent amplitude cancellation declined with a loss of motor units and increased with a reduction in mean conduction velocity. Simulated old motor units decreased percent amplitude cancellation at low excitation levels.
comparisons can be made across muscles, between subjects, and between days. Normalized EMG values are less variable than absolute values, and therefore considered a more reliable index of muscle activation (60) . Although the nonlinear increase in EMG values with increasing excitation has been demonstrated previously (5, 44, 49) , the impact of this nonlinear relation on the normalized surface EMG values has not been addressed.
The greater probability of cancellation with increased motor unit activity has been referred to as a "saturation" effect (49) and as a downward nonlinearity (5) due to the failure of the EMG to increase at the same rate as motor unit activity. The current study demonstrates that amplitude cancellation did not increase linearly across excitation levels (Fig. 3) , which resulted in an overestimation of motor neuron activity at intermediate levels of excitation when the EMG was normalized to maximal levels. Furthermore, variation in the range of amplitudes for the motor unit potentials did not alter the normalized EMG values and neither the method used to estimate the amplitude (RMS or average EMG) nor the recording technique (bipolar or belly-tendon) influenced the relation between normalized EMG and excitation (Fig. 4B) . Therefore, the nonlinear relation between EMG and excitation was due to an increase in the probability of cancellation with increasing levels of motor unit activity.
The importance of this nonlinearity between normalized EMG and excitation likely depends on the type of comparison being made. Examination of those figures depicting percent amplitude cancellation across excitation levels (Figs. 4B; 5, B and D; 7B; and 8B) demonstrates that whereas the absolute amount of cancellation may vary across conditions, variation in specific conditions resulted in little change in normalized EMG values. This finding likely explains the reduced variability and increased reliability in normalized EMG values compared with absolute EMG values (41, 60) . The two conditions that demonstrated the largest change in normalized EMG values (variation in recruitment range and peak discharge rates) resulted in a difference with the default condition of up to 17%, and this difference was limited to intermediate levels of excitation. The results of the study suggest caution in interpreting different levels of normalized surface EMG in muscles where recruitment range or peak discharge rates may vary, particularly at intermediate levels of excitation.
Motor Unit Synchronization
The current study found that EMG amplitude increased with motor unit synchronization, but the increase was much less than that reported previously (37, 61) . There are at least two factors that may explain this difference. First, variability in the timing of synchronization between surface-recorded motor unit potentials is influenced by variability in motor unit conduction velocities, innervation zone locations, and tendon endings (Fig.  6 ). Each source of variability contributes to the failure of EMG amplitude to increase with motor unit synchronization. Second, constraining the imposed synchrony to motor units with similar recruitment thresholds reduced the chance of all motor units in the pool being synchronized with one another. Because high levels of synchrony involve many discharges that are nearly coincidental, the increase in overlap between potentials generates both in-phase and out-of-phase alignment between potentials and causes both increased and decreased amounts of amplitude cancellation with increases in motor unit synchronization. Even if higher levels of motor unit synchronization were imposed, a minimal increase in EMG amplitude would be expected due to the generation of both in-phase and out-ofphase alignments. In contrast, Zhou and Rymer (62) observed that modeling only variation in the timing of the synchronized motor units resulted in less out-of-phase alignments as the duration of the motor unit potentials increased and, therefore, there was less cancellation. Variation in conduction velocities and the random location of the innervation zones simulated in the current study influenced the increase in amplitude with synchronization. Thus systematic evaluation of the variability in the timing of the motor unit potentials suggests that motor unit synchronization has only a modest effect on EMG amplitude.
Limitations
There is a lack of information regarding the range of motor unit properties in a muscle (12) , with limited information on the distribution of motor unit numbers, conduction velocities, peak discharge rates, and motor unit synchronization across the entire population. The information that does exist suggests great variability in many of the relevant physiological parameters that influence the EMG signal. The current study was limited in scope and identified selected motor unit properties that are likely to vary in different muscles and across different populations. Accordingly, measurements were made to provide realistic values for subcutaneous tissue thickness and fiber length. The surface EMG model of Fuglevand et al. (22) was updated with a model that has been validated to produce realistic motor unit potentials (15) . Also the modeling approach allowed the assessment of the contribution of individual parameters to the surface EMG, something rarely possible during experimental studies. Despite the assumptions used in the current modeling study, however, the results are consistent with the one experimental study that systematically quantified amplitude cancellation using an experimental protocol (5) .
In summary, up to 62% of the surface EMG signal amplitude was lost due to cancellation. The degree of signal loss depended on selected physiological parameters, especially the number of active motor units and the duration of the action potentials. Nonetheless, normalization of the surface EMG amplitude to the values obtained with maximal activation increases the reliability of the measurement. Although normalized EMG values overestimate the amount of motor unit activity at intermediate levels of activation by up to 13%, the importance of this nonlinearity is likely minimized as normalized values are largely invariant to changes in different parameters. These results have implications for identifying neural strategies from the surface EMG, particularly when comparing absolute EMG values or when assessing fatigue-related changes in EMG. 
